Carrot provides abundant carotenoid for human diet and is one of the most widely cultivated root vegetables in the world. However, the absence of the tissue-specific transcriptome of carrots hampers the investigation of the association of secondary metabolic mechanism with the different tissue types. In this study, we obtained 46,119,008/48,414,508 raw reads and 45,394,846/47,887,648 clean reads from the carrot leaf and root, respectively. Moreover, α-and β-carotene were found to accumulate in both tissues. Then, using Trinity assembly into contigs and mapped back to contigs, these reads were assembled to 56,267 and 62,427 leaf and root unigenes, respectively, after Ns removal and paired-end extension. In addition, a total of 18,354 DEGs were found between the carrot leaf and root unigenes, and 99 of these DEGs were found to be involved in carotenoid biosynthesis as revealed by integrated function annotation. In the carotenoid pathway DEGs, DcPSY1, DcZ-ISO, DcCISO2, DcLBCY, DcLECY, DcZEP1, DcZEP2, DcVDE1, DcVDE2, DcNSY1, DcNSY2, DcA8H-CYP707A1.2, DcAAO3a, DcCCD4, and DcMAX1 were expressed dramatically in the carrot leaf compared with in the root. This result was consistent with the results from the quantitative real-time PCR analysis of DEG expression profiles. Moreover, 67 more carotenoid biosynthesisrelated genes were found in this transcriptome database. Most of these DEGs were up-regulated in the carrot leaf compared with those in the root. The expression of DEGs may be related to the higher carotenoid pathway flux in the carrot leaf than in the root. These results will help to further understand the carotenoid biosynthesis in carrot.
Introduction
Carrot, which belongs to the Apiaceae family, is an economic root vegetable and has long been cultivated worldwide. This crop is originally cultivated in Afghanistan around the ninth century [1, 2] . Carrots have become one of the top 10 vegetable crops in the world, with China as the major carrot producing country. Many nutrients, such as carotenoids, vitamins, anthocyanins, and lipoids, accumulate in the carrot fresh taproot [3] [4] [5] . Several reports have focused on carotenoid accumulation and gene expression in carrot roots of different varieties or other environmental factors [6] [7] [8] [9] . Carrot is a good model plant for studying the regulatory mechanisms and biosynthesis in root organs [6, 10] .
Next-generation sequencing is currently widely used for RNAseq analysis because of its high-quality DNA sequence per experiment and high efficiency for new gene discovery and functional gene molecular mechanism analysis [11, 12] . The tissue-type or cell-type specific transcriptomes for many horticultural crops, such as tomato [13] , chickpea [14] , and citrus [15] , have been successfully sequenced by Illumina sequencing. Thus, next-generation sequencing is a good tool to obtain transcriptome profiles of different tissues in horticultural crops.
Carotenoids are the second most abundant natural pigment worldwide [16] . They are a type of C 40 lipophilic isoprenoids containing an extended conjugated double-bond polyene chain, which is the chromophore of the appearance of red, orange, and yellow color variation [16, 17] . Carotenoids are divided into two subgroups, namely, carotenes (hydrocarbon type) and xanthophylls (oxygencontaining type) [16] [17] [18] . In plants, carotenoids are mainly involved in photosynthesis, light-harvest, and photoprotection [16, 17, 19, 20] , and are the essential precursors of several phytohormones, such as abscisic acid and strigolactones [21] [22] [23] . Moreover, apocarotenoids, which are carotenoid cleavage derivatives, contribute to the flavor and aroma of flower petals or fruits [16, 21, 24] . Dietary uptake is the major mode for animals to obtain the necessary carotenoids for normal life and health, because almost all animals cannot self-synthesize carotenoids. Carotenoids also provide the pigmentation of the external appearance of birds and several marine animals [16, 25, 26] . In addition, carotenoids, as precursor of vitamin A, play an essential role in vision, morphogenesis, and growth development [4, 5] . Furthermore, carotenoids are also involved in antioxidation, quenching free radical, and anti-cancer for human health [27] [28] [29] .
Carotenoid biosynthesis has recently been extensively investigated [30] [31] [32] [33] [34] . However, the molecular mechanisms of the accumulation of huge amounts of carotenoids in the carrot roots remain ambiguous. The rapid development of next-generation sequencing has resulted in the successful application of this technology in vegetables, including carrots. A study focused on the potential of short-read platforms for de novo EST (expressed sequence tag) assembly and identification of genetic polymorphisms in carrots has reported the first large-scale transcriptome of carrot [35] . In addition, another transcriptome of cultivar and wild carrots showed that lightharvesting complex proteins of photosystem II (LHC-II) genes were highly expressed in cultivated carrot roots but not found in wild carrot roots [36] . The LHC-II proteins can bind with chlorophyll and yellow or orange carotenoids, especially lutein, zeaxanthin, violaxanthin, neoxanthin, and β-carotene. Thus, these types of proteins play important roles in photosynthesis and are involved in carotenoid biosynthesis [37] [38] [39] . Moreover, the LHC-II proteins are encoded by nuclear family genes, which are usually expressed in the leaf but silent in the root [36] . And light negatively regulates several carotenoid carotenogenic genes resulting in a transcriptional regulation for carotenoid synthesis during carrot root development, but in carrot leaves, light promotes the up-regulated expression of PSY1, PDS, and ZDS2 genes [9, 10] . Therefore, comparison of transcriptome profiles between the carrot leaf and root may provide new insights into carotenoid biosynthesis in the carrot root.
Previous studies showed that the majority of other plants do not accumulate or only have trace carotenoid in the root. In most plants, carotenoid pigments generally accumulate in the plastids, largely in the chloroplasts and chromoplasts. Thus, little carotenoid was found in underground tissues in the darkness, with the root as the most representative tissue [40] . Biosynthesis genes and several other carotenoid-related genes are also expressed even at a low level in non-carotenoid-accumulating root plant. However, surprisingly high expression of LHC-II genes was detected in the orange carrot root but not in white carrot root, and in the root of other noncarotenoid-accumulating root plants [36] .
In this study, Kuroda, an orange carrot cultivar widely cultivated in Asia, which accumulates xanthophyll, α-carotene, and β-carotene in both leaf and root, was selected for transcriptome analysis by next-generation sequencing. The results of HPLC and differentially expressed gene (DEG) expression profiles suggested that the DEGs might cause uneven carotenoid accumulation between carrot leaf and root. The DcPSY1 gene may be involved in the much higher carotenoid flux in carrot leaf than that in carrot root. The expression levels of several other carotenogenesis genes (such as DcLBCY, DcLECY, and DcZEP1) may affect the different levels of carotene and xanthophyll between carrot leaf and root. These results may provide useful information to understand the variations in carotenoid accumulation and metabolic mechanism between the carrot leaf and root.
Materials and Methods

Plant materials and RNA isolation
Orange carrot (Daucus carota L. cv. Kuroda) at vegetative stage (60 days after sowing) was selected, and the whole leaf and root were collected for transcriptome analysis. Carrot seeds were obtained from the State Key Laboratory of Crop Genetics and Germplasm Enhancement, Nanjing Agricultural University (Nanjing, China). After 3 days of sowing on filter paper, the seedlings were transplanted in a climate chamber with a photoperiod of 14 h of light and 10 h of darkness at 28°C. Carrot leaves and roots were harvested 60 days after sowing, and immediately frozen in liquid nitrogen and stored at −80°C for subsequent experiments. Three independent replicates of leaves and roots were collected.
Total RNA was isolated from the harvested carrot leaf and root using an RNA Simple Total RNA Kit (Tiangen, Beijing, China) according to the manufacturer's instructions. Total RNA was treated with RNase-free DNaseI (TaKaRa, Dalian, China) and then reverse-transcribed into cDNA. cDNA was eventually diluted 20-fold for the subsequent quantitative real-time PCR (qRT-PCR) analysis.
Carrot leaf and root transcriptome sequencing and assembly
The Illumina sequencing platform (HiSeqTM 2000; BGI, Shenzhen, China) was used for sequencing. Then raw reads were transformed by image data output from the sequencing machine. Raw reads containing dirty reads will negatively affect the bioinformatics analysis. Therefore, reads with adaptors, reads with unknown nucleotides >5%, and low-quality reads are removed (the rate of reads with quality value ≤10 is >20%) by filter_fq internal software to obtain clean reads of carrot. The transcriptome data were submitted to NCBI, under the accession number SRP111986.
Transcriptome of carrot assembly was performed with shortread assembling program Trinity (https://github.com/trinityrnaseq/ trinityrnaseq). The resulted sequences from Trinity were called unigenes. When multiple samples from the same species were sequenced, unigenes from the assembly of each sample could be further processed by sequence splicing and redundancy removal using a sequence clustering software to acquire non-redundant unigenes as long as possible [41] . Then, gene families in carrot were clustered, and divided to two classes, which were clusters and singletons.
Gene functional annotation of carrot leaf and root transcriptome database
Assembled sequences of carrot were aligned using blast against NCBI Nr. Then, Nt, Swiss-Prot, KEGG, and KOG/COG were also used for blast (Blastx) searches and unigene annotation with the highest protein sequence similarity with an E-value cut-off of 1.0 × 10 −5 . If a unigene could not be aligned with any of these databases, ESTScan was used to decide its sequence direction [42] . Unigenes with sequence directions were provided sequences from 5′ end to 3′ end. The sequences of those unigenes with no direction were provided from the assembly software. Gene ontology (GO) functional annotation was performed with Nr annotation using Blast2GO program to obtain further functional categorization [43] . After GO annotation for each unigene, WEGO software was used to perform the GO functional classification for all unigenes and to macroscopically understand the gene functional diversity in the carrot leaf and root [44] .
Differential gene expression analysis
Clean reads were mapped to a reference set of assembled transcripts to estimate gene expression level. To compare the gene expression in the carrot leaf and root, fragments per kilo bases per million mapped reads (FPKM) method was performed to calculate the normalized gene expression levels [45] . False discovery rate (FDR) of <0.001 and |log 2 -fold change| ≥ 1 were considered to have significant differences in gene expression.
Carotenoid extraction and HPLC analysis
A total of 100 mg of lyophilized carrot leaf or root was ground to fine powder under liquid nitrogen. Then, the powdered plant materials were extracted twice with 1 ml of acetone:ethanol (1:1, v/v) at 60°C for 30 min, until the residues turned white. The supernatant was collected and evaporated to dryness using vacuum freeze dryer and dissolved in 1 ml of acetone. Before verification by HPLC, the redissolved solution was filtered through a 0.45-μm membrane filter. All the above procedures were performed in dim lighting.
HPLC was performed to separate and identify the carotenoids (xanthophyll, α-carotene, and β-carotene) as previously described [46] using a Hedera ODS-2 C18 analytical column (250 mm × 4.6 mm i.d., 5 μm nominal particle size; Shimadzu, Kyoto, Japan) at 450 nm. The mobile phase was methanol:acetonitrile (9:1, v/v). The flow rate was 1 ml/min, and the UV-vis absorbance of the peaks was recorded between 210 nm and 600 nm using a Finnigan surveyor PDA Plus detector (Thermo, Hennigsdorf, Germany). The column temperature was kept at 30°C. All data were quantified based on the standard curves. Specific carotenoid contents were expressed in microgram per gram of dried weight (μg/g DW). The values are presented as the mean of three separate determinations in each case. Carotenoid contents were statistically analyzed by t-test using SPSS Version 17.0 at significant difference level of P < 0.05.
Quantitative real-time PCR
Twelve gene-encoding carotenoid biosynthesis genes were chosen to validate their differential expressions between carrot leaf and root by qRT-PCR with the Biosystems 7500 real-time PCR System (BioRad Laboratories Inc., Hercules, USA) using SYBR Premix Ex Taq (TliRNAse H Plus) Kit (TaKaRa) according to the manufacturer's instructions. Three independent samples of carrot leaf and root were used for qRT-PCR experiments. The reaction was performed under the following conditions: denaturation 95°C for 30 s, followed by 40 cycles at 95°C for 10 s, 60°C for 20 s, and 65°C for 10 s. Each reaction was repeated in triplicate, the relative gene expression levels were calculated with the 2 −ΔCt method of the average threshold cycle to get the more significant values of gene expression than that of 2 −ΔΔCt method [47] . Primer Premier 5.0 software was used to design the gene-specific primers for qRT-PCR, and all primers were synthesized by Genscript Nanjing Inc. (Nanjing, China) and shown in Supplementary Table S1 . The product ratings of these primers were >90%. DcActin1 was used as the reference gene [48] . Furthermore, the 2 −ΔCt equation was used because this calculation will get the absolute value of gene expression not the relative value. The qRT-PCR data were statistically analyzed using SPSS Version 17.0 with t-test using SPSS Version 17.0 at significant difference level of 0.05.
Results
Carrot leaf and root transcriptome sequencing and assembly
Carrot leaf and root at 60 days stage ( Fig. 1) Table S2 ). The Q20 (the percentage of bases with quality value ≥20) and GC percentages were 98.39%/98.43% (leaf/ root) and 44.21%/43.22% (leaf/root), respectively. N percentage was the proportion of unknown nucleotides in clean reads, and the values for the leaf and root were both 0%. Reads were assembled into contigs using Trinity [41] , and the details of the assembled contigs are shown in Supplementary  Table S3 . A total of 55,836 unigenes assembled were divided into distinct clusters (19, 364) and distinct singletons (36, 472) . The length of the sequences was the criterion for a successful assembly. The mean length of all unigenes was 960 bp, and the assembly index N50 value was 1571 bp (Supplementary Table S3 ). The length of all unigenes was longer than 200 bp, with 36,639 of the unigenes (65.62%) were 200-1000 bp long, and only 5437 (9.74%) were longer than 2 kb (Supplementary Fig. S1 ).
COG annotation
Unigenes were mapped to the COG database to predict the gene function distribution of carrot leaf and root at the macro level. Putative function was assigned to a total of 14,980 unigenes clustered into 26 functional categories based on their significant hits in the COG databases. A total of 4837 (32.29%) of these sequences were categorized in the 'General function prediction only' group which was the largest category ( Fig. 2 and Supplementary Table S4 ). 'Transcription' was the second group with most genes assigned (2568, 17.14%), followed by 'Replication, recombination, and repair' (2327, 15.53%), 'Posttranslational modification, protein turnover, chaperones' (2100, 14.02%) and 'Signal transduction mechanisms' (2092, 14.02%). In addition, 'Extracellular structures' and 'Nuclear structure' represent the two smallest groups containing only six (0.04%) and three (0.02%) unigenes, respectively ( Fig. 2 and Supplementary  Table S4 ).
GO annotation
Unigene annotation provides information on the expression and functional annotation of unigene. These annotations provide useful information to further identify specific processes, functions, and pathways and find new genes involved in the pathways of secondary metabolism. The functions of Daucus carota DEGs were further predicted and categorized by GO assignments. GO has three major categories, namely, molecular function, cellular component, and biological process. The DEGs can be categorized into 56 functional groups on the basis of sequence homology (Fig. 3) . 'Metabolic process', 'cell & cell part', and 'catalytic activity' were the superior subcategories in each of the three major categories. A high proportion of unigenes were also assigned to 'cellular process', 'organelle', 'binding', and 'single-organism process'. By contrast, quite a few genes were classified into 'cell killing', 'locomotion', 'extracellular region part', 'channel regulator activity', 'translation regulator activity', and so on, resulting in very low proportions of DEGs (Fig. 3) .
KEGG pathway
Furthermore, annotated sequences were searched against the reference canonical pathways in KEGG to identify the biological pathways of carrot. Overall, 22,777 unigenes were mapped to 128 KEGG pathways, while 'Metabolic pathways' (5074, 22.28%), 'Biosynthesis of secondary metabolites' (2622, 11.51%), 'Plantpathogen interaction' (1425, 6.26%), and 'Plant hormone signal transduction' (1361, 5.98%) were the most representative pathways (Supplementary Table S5 ). Our study focused on the 'Biosynthesis of other secondary metabolites' and 'Metabolism of terpenoids and polyketides' pathways. In the pathway of 'Biosynthesis of other secondary metabolites', most carrot unigenes were assigned to pathways of 'Phenylpropanoid biosynthesis' (432), 'Stilbenoid, diarylheptanoid, and gingerol biosynthesis' (276), 'Flavonoid biosynthesis' (263), and 'Flavone and flavonol biosynthesis' (123) (Supplementary Fig. S2A ). In the 'Metabolism of terpenoids and polyketides' pathway, the most represented groups were 'Limonene and pinene degradation' (233), 'Zeatin biosynthesis' (177), 'Carotenoid biosynthesis' (169), 'Terpenoid backbone biosynthesis' (134), and 'Diterpenoid biosynthesis' (94) (Supplementary Fig. S2B ). The DEGs were also analyzed through KEGG pathway, and 99 'Carotenoid biosynthesis' DEGs were detected in the group of 'Metabolism of terpenoids and polyketides' pathway ( Supplementary Fig. S2C ).
Expression levels of differentially expressed carotenoid biosynthesis genes
Between carrot leaf and root libraries, a total of 18,354 DEGs were detected with 11,211 genes up-regulated (higher expression in leaf than that in root) and 7143 genes down-regulated (lower expression in the leaf than that in root) ( Supplementary Fig. S3 ). The expression levels of carotenoid biosynthesis genes in carrot leaf and root tissues were detected.
The carotenoid biosynthesis protein sequences of Arabidopsis identified and functionally characterized in previous studies were downloaded from NCBI. D. carota genome sequences with corresponding annotations were also downloaded from NCBI and CarrotDB [49, 50] . Then, the transcripts of carrot sequences and their expression were identified by the D. carota genome sequences. A total of 34 carotenoid biosynthesis pathway genes were found, 31 of which were identified in our carrot transcript library ( Table 1 and Fig. 4) . DcPSY1, DcZ-ISO, DcCISO2, DcLBCY, DcLECY, DcZEP1, DcZEP2, DcVDE1, DcVDE2, DcNSY1, DcNSY2, DcAAO3a, DcA8H-CYP707A1.2, DcCCD4, and DcMAX1 were up-regulated in the carrot leaf, and the additional genes were expressed at higher levels in the carrot root. Moreover, among the up-regulated genes in the leaf, DcZEP1, DcZEP2, DcVDE1, DcNSY1, DcAAO3a, and DcCCD4 showed dramatically upregulated expression in the leaf than in the root. These variable expressions may indicate that distinct functions in different tissues.
We analyzed the expression profiles of 12 carotenoid biosynthesis genes by qRT-PCR validation to further understand the carotenoid biosynthesis mechanism. Moreover, the transcript levels of these 12 genes were also displayed to analyze jointly with the qRT-PCR validation. The expression levels of the selected genes were consistent with the transcriptome data (Fig. 5) . DcPSY1 and DcLBCY were highly expressed in the leaf but lowly expressed in the root, contrary to the expression levels of DcPSY2, DcPDS, DcCISO1, and DcBCH1. Moreover, DcZEP1 and DcVDE1 presented significantly high expression patterns in the leaf, and these patterns were similar to the transcriptome expression profiles. The expression levels of DcZDS1 and DcLECY had no significant difference between carrot leaf and root. In addition, DcBCH2 and DcECH showed extremely low expression levels in both leaf and root. These genes were expressed differently between carrot leaf and root, may be resulting in the different accumulated levels of carotenoid.
Transcript levels of candidate genes related to carotenoid biosynthesis DEGs
Iorizzo et al. [50] showed that the primary mechanism regulating carotenoid accumulation in carrot root may not be at the biosynthetic level. In addition to the carotenoid biosynthesis DEGs, we also investigated 67 genes related to carotenoid biosynthesis. These genes were determined by the carrot genome database [50] , the mapping populations were used to select the carrot genes upregulated in both yellow and dark orange storage roots. These genes may be involved in carotenoid biosynthesis (Supplementary Table S6 ). Most of the 67 DEGs were expressed much more actively in the carrot leaf than in the carrot root, and only 17 of these DEGs were down-regulated in the carrot leaf compared with that in the carrot root. Moreover, these DEGs were annotated to be involved in the photosynthetic system activation and function, plastid biogenesis, and chlorophyll metabolism. These results revealed that the higher efficiency biosynthesis of carotenoid in the carrot leaf than in the root may be contributed by light-induced genes which play roles in photosynthesis.
Carotenoid contents in carrot leaf and root by HPLC
HPLC was used to investigate carotenoid contents in the carrot leaf and root. Xanthophyll was the dominant carotenoid among the three detected carotenoids, especially in the leaf at 3300 μg/g DW, which was remarkably higher than that in the root. α-Carotene and β-carotene were also detected in the carrot leaf and root, and β-carotene content was slightly higher than α-carotene content. In addition, all levels of detected carotenoid were found to be higher in the leaf than those in the root (Fig. 6) .
Discussion
Carrots accumulate carotenoid in both leaf and underground organs for different functions. In the carrot leaf, carotenoid and chlorophyll a/b bind to membrane proteins form light-harvesting antenna complexes within the chloroplasts, which serve as the photosynthetic reaction centers for photosynthesis and photoprotection [20, 51] . Chlorophyll a/b is the major pigment in plant leaves. Carotenoid crystals are located in the chromoplasts of carrot root [52] [53] [54] . The different compositions and contents of carotenoids lead to the color spectrum of carrot taproot, which range from red to orange, yellow, and white [6, 18] . Carotenoid accumulation is a complicated network consisting of a series of biosynthesis, degradation, and stable storage, which is different from carotenoid biosynthesis but is related to the carotenoid biosynthesis genes. Remarkable α-carotene level was found in both the leaf and root of orange carrots [18] . Considerably higher xanthophyll level and total carotenoid was observed in the orange carrot leaf than those in the root. These results indicated the possible variation in the carotenoid biosynthesis in the different tissues of carrot.
Most plants cannot accumulate carotenoid in root; instead, they accumulate rich carotenoid in leaf. For example, the major carotenoids in leaves of elm are xanthophyll and β-carotene, with the contents >1000 and 300 μg/g DW, respectively [54] . However, carrots are abundant with carotenoid in root. In carrot leaf, the important photosynthetic carotenoids (xanthophylls) levels were also high. In 60-day carrot root, carotenoid just began to be accumulated, and β-carotenoid contents might be relatively low. This phenomenon may be resulted from the specific carotenoid biosynthesis in carrot. Two varieties of carrot leaf were detected that xanthophyll contents reached up to 2000 μg/g DW, even to 2500 μg/g DW, and the other carotenoid contents were relatively low, accounting for no >30% of total carotenoid [55] . The extremely high xanthophyll contents in carrot cv. Kuroda leaf were detected in our study, which is similar to these results. Next-generation sequencing technology is a common strategy to study complex biological pathways. This technology is also suitable for deep investigation of gene expression profiling in the different tissues of many species. In our study, we used the leaf and root tissues of orange carrot as materials. We assembled a total of 55,836 unigenes from both materials, and 56,267 and 62,427 unigenes from the leaf and root, respectively. These differences will assist further understanding of the tissue-specific molecular mechanism, which can be used to identify DEGs between the carrot aboveground and underground tissues.
A total of 18,354 DEGs were obtained and further functionally classified by COG assignments, GO functional enrichment analysis, and KEGG pathway enrichment analysis that provided support for the involvements of the DEGs in biological mechanism. Previous studies on first large-scale transcriptome of carrot focused on the potential of short-read platforms for de novo EST assembly and identification of genetic polymorphisms in carrot [35] . Higher expression of LHC-II genes was detected in cultivated carrot roots than in wild carrot roots according to another study on the transcriptome of cultivar and wild carrots [36] . These LHC-II genes were also found to be expressed differently in our carrot leaf and root transcriptome. In addition, Xu et al. [49] established a useful transcriptome database for researchers that explore information of 14 carrot genotypes.
In our study, transcriptome analysis showed that 15 genes of 31 selected carotenoid pathway genes were up-regulated and others were down-regulated in the carrot leaf. Phytoene synthases (PSYs) are the rate-limiting enzymes in carotenoid biosynthesis flux. In Figure 4 . Relative expression in carrot leaf and root of transcripts associated with the carotenoid biosynthesis Unigenes identified in this study associate with 22 enzymatic gene families that are components of carotenoid biosynthesis. The inset shows the color coding for the logarithmic fold change (log 2 FC) of gene expression of respective comparisons (carrot leaf as the control, log 2 FC>2.0 is in yellow; log 2 FC<2.0 is in blue). IPI, isopentenyl diphosphate isomerase; GGPPS, GGPP synthase; PSY, phytoene synthase; PDS, phytoene desaturase; Z-ISO, ξ-carotene isomerase; ZDS, ξ-carotene desaturase; CISO, carotenoid isomerase; LECY, lycopene ε-cyclase; LBCY, lycopene β-cyclase; CHXB, β-carotene hydroxylase; CYP97A3, cytochrome P450-type monooxygenase 97A3; ECH, ε-carotene hydroxylase; ZEP, zeaxanthin epoxidase; VDE, violaxanthin de-epoxidase; NSY, neoxanthin synthase; and NCED, 9-cis-epoxycarotenoid dioxygenase. Adapted from Arango et al. [18] , Nisar et al. [16] , and Yuan et al. [20] . tomato, the expression of PSY was tissue-specific, and PSY1 was proved to contribute to yield carotenoid in the tomato fruit [56, 57] . PSY1, PDS, and ZDS2 genes were mediated by light, resulting in carotenoid biosynthesis in carrot leaf and root [8] [9] [10] . In addition, PSY genes were up-regulated, which promoted lycopene accumulation in grafted watermelon fruits [58] .
Here, the expressions of DcPSY1 and DcPSY2 were also tissuespecific between carrot leaf and root as revealed in our transcriptome database and qRT-PCR analysis. HPLC was performed to measure the contents of xanthophyll, α-carotene, and β-carotene in the carrot leaf and root. In the leaf, 3300 μg/g DW xanthophyll was detected, indicating that the carotenoid flux was remarkably higher in the leaf than in the root. These results may indicate that DcPSY1 participates in the control of carotenoid flux in the carrot leaf. Furthermore, most selected β-carotene degradation genes (DcZEP1, DcZEP2, DcVDE1, DcNSY1, DcAAO3a, and DcCCD4) were found to be severely up-regulated in the leaf than in root. The enzyme encoded by leaf-specific CCD4 was identified as the major enzyme involved in apocarotenoid glycoside formation [59] . Therefore, the specific expression of DcCCD4 in the carrot leaves may be due to the involvement of apocarotenoid glycoside formation in the leaves but the exact functions still need to be further investigated.
The expression of 67 genes related to carotenoid biosynthesis was also determined. These genes were identified to be involved in the photosynthetic system activation and function, plastid biogenesis, and chlorophyll metabolism. These genes were up-regulated in both yellow and dark orange storage roots of plants as shown by mapping populations. In the carrot leaf and root transcriptome database, 67 DEGs were found on basis of these carrot gene annotations. Most of the DEGs were expressed markedly higher in the leaf than in the root as expected. These up-regulated expression levels may result in the higher carotenoid pathway flux in the carrot leaf than in the root. In addition, previous studies about carrot carotenoid mainly focused on the root carotenoid accumulation. For instance, Clotault et al. [6] reported that the accumulation of total carotenoids and major carotenoids in the red and yellow carrots might partially be involved in the transcriptional level of genes directing the carotenoid biosynthesis pathway. Arango et al. [18] reported that carotene hydroxylase activity determines the levels of both α-carotene and total carotenoids in orange carrot. PSY was proved to be the rate-limiting enzyme for carotenoid biosynthesis which results in carotenoid formation in carrot roots [52] . The carrot genome database is a useful tool to establish a model for carotenoid accumulation in carrot root [50, 60] .
In summary, we mainly focused on the difference of carotenoid biosynthesis between carrot leaf and root. Based on the model of carotenoid accumulation in carrot root of previous studies and the results in this study, we demonstrated that the carotenoid biosynthesis genes and some carotenoid biosynthesis-related genes (upregulated in both yellow and dark orange storage carrot roots) might be involved in the high carotenoid pathway flux. However, the carotenoid biosynthesis involves complex biological processes regulated by many different biological pathways and genes. This transcriptome database may provide a tool to understand the carotenoid biosynthesis in different tissues of carrot.
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